theoretical model is developed to determine heat transfer performance in laminar flow through a pair of co-rotating parallel circular disks. The dual-stream flow influx enters the flow field from both sides, proceeding radially outward. A finite-difference scheme is employed to obtain numerical results by means of the SIMPLER algorithm. The effects of governing dimensionless parameters such as the rotational number through-flow Reynolds number, Prandtl number and system geometry on the heat transfer performance are determined.
INTRODUCTION
ROTATING mechanical devices associated with heat and mass transfer are abundant in industry, for example, turbomachinery
[l], rotating heat exchangers [2, 31 and rotating-disk contactors [4] . Rotating-disk systems have been employed as the models for the flow and heat/mass transfer that occur inside these units. They can be classified into the free disk, rotor-stator systems and rotating cavities [ 11. Among them, the free disk is the simplest model which has received considerable attention.
It is the basis of all rotorstator systems and also has relevance to rotating cavities. Both the rotor-stator system and the rotating cavity have been the subject of numerous experimental and theoretical studies. Instead of repeating a review of voluminous articles on rotating-disk systems, readers are referred to Dorfman [S] concerning rotor-stator systems;
Greenspan [6] which includes a large quantity of material on rotating cavities ; and a recent article by Owen [l] reviewing fluid flow and heat transfer in rotating-disk systems. Although there are many publications devoted to rotating-disk systems, a number ofimportant areas still need further theoretical and experimental research. The present work explores such areas. It deals with heat transfer in laminar flow through a pair of co-rotating parallel circular disks. A theoretical model is developed.
Numerical results are obtained by the SIMPLER algorithm [7] .
2. ANALYSIS Figure 1 shows the physical system to be analyzed. It consists oftwo parallel circular disks with an opening of diameter 2ri, at the center. A fluid flows normally through the openings and then radially out through the spacing B between the disks of outer radius r,,. A cylindrical coordinate (r, z) is used with the origin fixed at the center of the lower disks. It is postulated that the flow is steady, laminar, incompressible and axisymmetrical and that all physical properties remain constant.
The differential equations governing transport phenomena in a radial channel between parallel disks give this continuity equation and transfer equations in a unified form $(rurjh)+ t(m$) = $ (rcg)+ k(cg)+S,. (2) In Table 1 , p is the pressure and v and c( are the kinematic viscosity and thermal diffusivity, respectively. It is assumed that (1) both the velocity and temperature profiles are uniform at the inlet to the radial channel (r = rin at uin and IT,',, respectively) and (2) the channel wall temperature is uniform at T,. Assumption (1) is reasonable if the rotating-disk assembly is placed in the midstream within a wind tunnel duct. The flow is non-slip at the wall. It can be shown that at the outlet r = r. the radial diffusion effect is negligible compared with the radial convective effect for all the velocity components and temperatures. Two cases are studied : the disks are at rest and in rotation about the z-axis while the fluid is flowing radially outward.
The flow field in the lower half channel was divided into a non-uniform grid network of rectangular shape (with grid size of Ari x Azj), I x J meshes in the radial and axial directions, respectively, as shown in Fig. 2 . The governing equations (1) and (2) were reduced to a set of algebraic finite-difference equations using a discretization method called the hybrid scheme [779] which is a combination of the central and upwind schemes.
In the present study, the discretized governing equations were solved by the SIMPLER (semi-implicit pressure-linked equations revised) algorithm 
pressure was determined from the equation derived by coupling of the discretized momentum equations to the discretized continuity equations, while the velocity determined by the momentum equation was corrected to satisfy the continuity equation through the use of an additional variable p'. The equations for p' were derived also by coupling of the discretized momentum equations to the discretized continuity equation. However, the difference equations for each dependent variable were solved by the line-by-line interactive method.
New schemes were incorporated in the present study in order to increase the accuracy of the numerical scheme and to reduce the number of steps required for convergence and also to improve the numerical stability in computations.
New treatment of rhe velocity correction through p'af the exit
In the conventional treatment [9, lo], the boundary condition for p' at the exit is provided by assigning 0 to the aE coefficients which relate p's at i = I and at i = I + 1. It makes the system of the difference equations for p' a singular system, which has generally a faster convergence rate in the difference among p's than anon- singular system. This scheme, however, can satisfy only the overall continuity at the outlet but not the continuity at each cell. Thus, it may result in large continuity errors in this region even in a final solution which has already passed a convergency test. To remedy this defect, a new treatment was devised which was based on the fact that the difference between p's in the z-direction is much smaller than that in the rdirection, which will be explained in more detail in Section 2.2. From this consideration, a constant 0 was assigned to all p's at i = I + 1. Since the linkage between p's at i = I and i = I + 1 are not served, the continuity at each exit cell can be satisfied through the non-uniform correction of the exit velocity and the error in the continuity in the exit region can be thus reduced to the level of other regions.
Initial guessing of the additional variable p'for an inner iteration
Even though accuracy is improved, the new treatment at the exit in Section 2.1 changes the system to a non-singular one, whose convergence rate becomes slower. This is very important since the value of p' changes at each global iteration and only a few inner iterations can be performed for p' at each global iteration. A good initial guess of p', however, can be found by calculating the average value of p'. The velocity-correction formulas (7) at nodal point P are
u, = u: +d,(p;-pk).
A similar expression is obtained for uw and us u* and u* are the velocities determined by the momentum equations.
They are corrected by p' to satisfy the continuity. Values of d are proportionality coefficients. Since (u,-uz) is generally much larger than (II,-uu,*) while the proportionality coefficients d, and d, are almost the same, the difference between p; and pk becomes much larger than that between pb and p;U. Consequently, p' undergoes a major change only in the r-direction. This feature makes it possible to determine the average p' at each i which can be used as a good initial guess. Only a fine adjustment of p' across the channel (j-direction) is required for inner iteration. The average value is calculated by adding the difference equation (7) for p' over the j-direction. The result is
Here, values of a are the coefficients which define the relationship between p' at the center node P and the surrounding nodes at E and W, while the term b, represents a 'mass source' which must be annihilated through the velocity correction. A more detailed explanation can be found in ref.
[ 111.
Initial guessing of pressure p
Since the equations for p and p' are similar in characteristics, a good initial guess of p can be conducted in a similar fashion as that for p' as described in Section 2.2. When the following condition was satisfied, pj; ') was employed as a starting value for an inner iteration
where pj; I) is the value of pi j at the previous iteration. This criterion was usually achieved in seven to ten iterations. (3) and (4), without affecting the satisfaction of the continuity equation. To prevent the over-correction due to the symmetry condition, modification was made on the coefficient a;, which is a coefficient for up in the discretized momentum equation. When the proportionality coefficients of d are calculated from the a;, the a: at (i, J) was set equal to the up at (i, J -1). The modification was crucial in achieving the convergence, especially when the Ar/Az ratio of a grid cell was large.
Use of different relaxation factors for global and inner iterations
The under-relaxation factors of 0.7,0.7,0.7, and 0.5 were used for the calculations of u, u, w, and p, respectively, in the global iterative procedure, while 1.0 and 0.7 and 1.0 were utilized as the relaxation factors of u, u, and w, respectively, for their inner iterations. An over-relaxation factor between 1.5 and 1.7 was employed for the inner iterations of p and p'. Table 2 shows the effectiveness of the new measure introduced in this study.
The solution of the discretization equations was obtained by the TDMA (tridiagonal-matrix algorithm) [ 121. Computations progressed in the radial direction from the boundary where an explicit condition was specified toward the opposite side.
The convergence criteria were set as
,/C(R: -%VJl < 0.0002 and Iu, --u~lmax < 0.004.
Here, bi,j denotes the error in the continuity equation at the cell centered at the nodal point (f, j). u, and uf are the values of u at the point (i, j) determined by the velocitycorrection formula and the discretized momentum equations, respectively, in the SIMPLER algorithm.
RESULTS AND DISCUSSION

Numerical computations
were performed using an AMDAHL 5860 digital computer with an H compiler. The accuracy of the mathematical model and computer program was first tested by solving the problem of a fully developed channel flow using a rectangular grid network. The largest error in the velocity components was found in the u value to be 0.6x, whereas the error in the pressure gradient was 0.3% with a network of 20 x 15 meshes when Re = 200. Numerical computations were also performed to determine local heat transfer coefficients in slug flow through a radial channel between stationary parallel disks at uniform wall temperature.
For Reynolds numbers of 18850 and 94 240, numerical results were in excellent agreement with the exact solution throughout the entire radial flow path except in the thermal entrance region. Then, the model and computer program were applied to solve the problem of flow and heat transfer in the radial channel between rotating parallel disks. I and J were selected as 28 and 15, respectively. Approximately 5-10 s of CPU time were consumed for each computation.
The heat transfer performance ofradial flow through the rotating parallel disks can be expressed in terms of the dimensionless heat transfer rate Q, local Nusselt number Nu, and average Nusselt number fi. They are defined as Here, q denotes the total heat transfer rate between the disk wall and the bulk fluid, k the fluid thermal conductivity, B the disk spacing, q', the inlet fluid temperature, T, the disk temperature, h the local heat transfer coefficient, and h the integrated average value of h. The Reynolds number based on the disk spacing is defined as It is well recognized that radial flow through parallel disks results in a decrease in the radial velocity due to an enlargement in the flow area. Consequently, a continuous pressure buildup, i.e. an adverse pressure gradient, along with the flow induces flow separation to occur at a distance downstream from the inlet. When the disks are set in rotation, the centrifugal force comes into play. Its effect is to shift the peak of radial velocity profile u from the channel center (in the entrance region) toward the wall (near the exit), as shown in Fig. 3 . As a result, several interesting phenomena are observed. (1) On the r-z plane, the bulk flow as indicated by velocity vectors shifts its direction from center-bound near the entrance to wall-bound, as depicted in Fig. 4 . The location of the maximum magnitude of these vectors also shifts from the channel center toward the wall along the radial direction. (2) On the r-8 plane, the flow vectors are maximum at the wall and increase along the channel but reduce toward the center, as seen in Fig. 5 . The flow direction is tangential at the wall. With an increase in z, however, the flow velocity decreases with its direction shifting radially outward. Factors (1) and (2) contribute to heat transfer enhancement by rotating the disk walls, as will be discussed later. (3) Figure 6 shows the pressure distribution which is determined by the combination of viscous effect, momentum change due to an increase in flow area, and centrifugal effect. The viscous effect is most prominent in the region of steep velocity gradients. The momentum change is large at the inlet where the radius is smallest, while the centrifugal effect is most important at the exit where the radius is the largest. It is seen in Fig. 6 that pressure falls to a minimum, followed by a continuous increase. observed in the figure that Nu decreases steeply in the entrance region, i.e. small values of Gx. In the stationary disk case, Nu eventually takes a value of 3.7 as Gx increases. With disk rotation, the value of Nu reaches a minimum followed by an upturn and eventually levels off at large Gx values. An increase in Ri, reduces the extent of an upturn in Nu.
The effect of Re on Nu is shown in Fig. 8 for Pr = 0.7 and a fixed disk geometry, i.e. Ri, = 60 and R, = 130. As seen in Fig. 7 , there is a sharp decrease in Nu in the entrance region. Nu takes a value of 3.78 at large values of Gx, irrespective of Re in the stationary disk case. At higher fluid flows, Nu is characterized by a minimum value. When the disks are in rotation, Nu reaches a minimum followed by an upturn and then levels off at large Gx. In general, Nu increases with disk rotation Rt and fluid flow rate Re.
The integrated-average Nusselt number Nu is plotted against the inlet Reynolds number Rein Fig. 9 for two typical fluids, air (with Pr = 0.7) and water (at Pr = 8.0). It is ofinterest to observe that when all curves are extrapolated toward lower Re, they reach Nu = 3.8 at Re = 0, which corresponds to the Nusselt number for a fully-developed laminar flow in parallel channels having constant wall temperature. The reason for all curves in Fig. 9 to converge at I% = 3.8 at Re = 0 is due to a large diffusion effect. Theory underpredicts the test results as shown in Fig. 10 . 4 . CONCLUSION A theoretical model is developed to predict the heat transfer performance in flow through parallel circular disks at rest or in rotation. With a dual-stream influx, the flow is radially outward. A finite-difference scheme is employed to obtain numerical results by means of the SIMPLER algorithm.
Heat transfer performance is enhanced with rotational speed, Prandtl number and through-flow Reynolds number. It deteriorates with an increase in the inner radius of the parallel circular disks. 
